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Testimony of Dr. Raymond L. Orbach, Director, Office of Science, U.S.
Department of Energy before the U.S. House of Representatives
Committee on Science

July 16, 2003

Looking to the future, we are beginning a Fusion Simulation Project to build a
computer model that will fully simulate a burning plasma to both predict and
interpret ITER performance and, eventually, assist in the design of a commercially
feasible fusion power reactor. Our best estimate, however is that success in this effort
will require at least 50 teraFLOPS of sustained computing power.
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Global Gyrokinetic Toroidal Particle Simulation Code: GTC

|Z. Lin, T. S. Hahm, W. W. Lee, W. M. Tang and R. B. White, Science (1998)]

e Magnetic coordinates (1, . () |Boozer, 1981 |

e Guiding center Hamiltonian [Boozer, 1982; White and Chance, 1984]
e Non-spectral Poisson solver [Lin and Lee, 1995]

e Global field-line coordinates: (1, v, (), x =6 — (/q

— Microinstability wavelength: A o< p;, A o< ¢ /2

— With field-line coordiantes: Grid # N o a”, a: minor radius, AC o< R

— Without field-line coordinates: grid # N o a?, AC o p

— Larger time step: no high £ modes
e Collisions: e-i, i-1 and e-e

e Neoclassical Transport Code: GTC-neo [W. X. Wang, 2004
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GTC performance on MPP platforms - S. Ethier

Number of particles (in million) that move 1 step in 1 second

10000

1000

—&— Earth Simulator
—A— CRAY X1

= Thunder

—a&— Seaborg
~O—Blue Gene/L

100

10

Compute Power (million particles x step/sec)

64 128 256 512 1024 2048
Number of processors

* Gyrokinetic particle codes are portable, scalable and efficient on
both cache-based and vector-parallel MPP platforms



GTC performance

#of | #part IBM SP 3 Itanium 2 + Opteron + CRAY X1 ES
proc. | (Bil- (Seaborg) Quadrics Infiniband
lion) | Gfiop | %Pk | Gflop | %Pk | Gflop | %Pk | Gflop | %Pk | Gflop | %Pk
64| 0.207 90| 93 250| 6.9 37.8 | 133 82.6 | 10.1 | 102.4 [ 20.0
128 | 0414 179 93 499 | 69 75.5| 133 | 1562 | 9.6 | 199.7| 19.5
256 | 0.828 | 35.8 | 9.3 97.3| 69 | 1459 13.1 | 2995| 9.1 | 396.8 | 194
512 1.657| 71.7| 94 | 1946| 6.8 | 261.1| 11.6 783.4 | 19.1
1024 | 3.314| 1434 | 8.7 | 3789 | 6.7 1,925 | 23.5
2048 | 6.627 | 266.2 | 84 | 757.8| 6.7 3,727 | 22.7

3.7 Teraflops achieved on the Earth Simulator with 2,048 processors
using 6.6 billion particles!!




Numerical Schemes

* Vlasov - Poisson System

OF .08 4y OF
ot v ox m ov

Vip = —47Tan/Fadv

» Particle Codes: need only spatial grid

—= = —E(x;)

F(x,v,t) Z5x—xj — v;(t)]

* Vlasov Codes: need spatial gr1d and velocity grid

—:Vg

dt

s — Lu(x,)

d ~m ~PPPL

F(xy+dxy, vy +dvg, t+dt) = F(x,4,v4,t)



NoLse =R US

* One man’s noise Ls another man’s signal [Blrdsall § Langdon].
* Without noise, there would be no particle simulation.

* Without proper treatment of noise, there would still be no particle
stmulation.

~PPPL



Modified Dynamics for Particle Pushing

* Finite-size particles \
[Dawson et al. ‘68; Birdsall et al. ‘68}
-- Coulomb interactions are collisionless G
- Collisional effects are subgrid phenomena

* Gyrokinetic particles

[Lee PF 83}
-- Gyromotion becomes motion of @/
rotating charged rings /@@@/@ 5

-- Polarization Effects in the field equation

* Efficient numerical methods to account for finite Larmor radius eftects
[Lee JCP ‘87; Lee and Qin PP ‘o3l
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Gyrokinetic Vlasov-Maxwell Equations in Toroidal Geometry

* GK Vlasov equation - in gyrocenter coordinates
[T. S. Hahm et al. PF ‘88;T. S. Hahm PF ‘88; Brizard PF ‘88; Brizard J. Plas. Phys. ‘89}

0Fnge dR 0F,4.  dv OF 4.
+ .
8t dt 8R dt 81;”
dR 2
= — ub* +
vl Qan

=0,

b() X VZHBO — B—ng X bo

dUH Ui 1 8
— = ——=Db". By — b* -
dt 2 VinbBo ma Vot c (915

pp = v3 /2By ~ cons.

o A ]
b*=b+ by x (bo-V)bo, b=hyt Y A

Qo b
( g >(R):</( . )(X)é(x—R—p)d@W

Fagc — 5(R - Raj)5(u /“LQJ)CS(UH o U”Oﬂj)
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GK Equations in Toroidal Geometry (cont.)

* GK Poisson’s equation - in laboratory coordinates [Lee JCP ‘871

T ~ 2
%"’g[(ﬁ(x) — ¢(x)] = —4mpge(x) =]ji'=€i=<=<==1> Ps Vi = —471p,e(x)

Quasineutral

d(x) =< /Q_S(R)Fi(R, 1, v))0 (R — x + p)dRdpdv) >,

pre() = X o / o (R)O(R — x + p)dRdv dps)

* GK Ampere’s law - in laboratory coordinates [Qin et al. PP ‘99

1 82 4
VZA — — = = ——7TJgC w? k%05 < 1
v4 c

Jge(%) = Tjge(x) + T (x) + I 50 (x)

— Z qa</(V” +v, + Vd)Fagc(R)CS(R — X + p)dedem@

2

/UJ_ -~
b B
200 0o X VinBy

Vg = Q—”OBO X (60 . V)BO +
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Simple Linear Dispersion Relations

e=1+[1+&Z(&) +7+76Z(6)]/(kApe)” =0

1o
azw/\/ikvta , UVta =\ — )\Dez\/Te/Zlﬁnoez

meq

Damped Normal Modes

e cold ion and cold electron limit

w = twpe \/1 + 3k2)%), , Wpe = \/47m(362/me

¢ cold ion and warm electron limit

B kcg
V14 k2N

w = Fwyq , Ws
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Fluctuation-Dissipation Theorem and Particle Simulation

L|E(k,w)]?/87 = —(T/w)Im(1/¢)

* Fluctuations per 2-mode

LIE(K)[?/87 = / (dw/27)L|E(k,w)[2/87 = (T/2)[1/e(k,w = 00) — 1 /e(k,w = 0)].

——> | LIE(K)*/87 = (T/2)/(1 + k*\D)

* Fluctuations residing in normal modes for k*)\7, < 1

L|E(k,w)|? /87 = Tmd(wRe ¢)

1
LIE(K)]?/8m = ) LIE(k, Q)] /87 = (T/2)
ZQ: (T/2) Z |OwRe €/0w|q

1
L’E(k7wp€)|2/8ﬂ- — T/27 ‘e®(k) wpe)/Te’th —

— VNEAD.

k2 \2
De 1
14+ k2)2, e®(k,ws)/Te|ith = —
De | ( )/ |th N

LIE(k,ws)* /87 = (T/2)




Fluctuation-Dissipation Theorem and Particle Simulation

* Plasma Waves and Finite-Size Particles [Langdon and Birdsall, PF 13, 2115 (1970)}

CEGE _ T)2
8t 1+ k2)\%/S2

— T'/2, V --volume, S -- particle shape

* Gyrokinetic Particle Simulation {Krommes et al., PF ‘86; Lee, JCP ‘871
E)P _ Ap

8 p?
* Shear-Alfven Waves in Gyrokinetic Plasmas Lee et al., PP ‘o1l

v

(T/2) for kp; <1

E)P A,  T/2

V st 2 [+ o2 2R cold electrons
E(k)| T/2
Vléwﬂ — k2 )\%I—FQQ[)? , warm electrons
* Compressional-Alfven Waves in Gyrokinetic Plasmas
A L w2
~ <1
AH k=v A
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Why do we want to get rid of the Particle Noise?
* Suppression of linear growths due to Resonant Broadening {Lee, JCP ‘87}:

v > Aw ~ k*D

D =~ (Az)?/At - random walk due to particle noise

* Particle noise in the simulation of unstable modes {Kadomtsev, Plasma Turbulence, ‘65}
-- noise level remains the same in the nonlinear steady state
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Fic. 11. Dependence of noise intengty on growth rate of small oscillations
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Perturbative Particle Simulation

e 5f simulation schemes:

-- [Dimits and Lee, JCP ‘93; Parker and Lee, PF ‘93; Hu and Krommes, PoP ‘94}

dsf  dF,
Let F=Fy+9o > S
: 007 dt dt
5f -
Let  w= 3 > 6= wid(R—Ry)d(p — p5)5(v) —vy;)
J=1
Noise reduction: |B|? o w?

-- {Aydemir, PoP ‘941
)

n
* Split-weight schemes: {Manuilskiy and Lee, PoP ‘00; Lee et al., PoP ‘o1l

* Time step is determined by zeroth order transit time of the electrons
along the field line.

~PPPL

* CFL conditions can be violated with impunity:.



e Perturbative Scheme: F'=Fy+0f —> w= =

dF _9F  9F ¢ _OF
o w70

dof  q 0k dw q
dt  m dv dt m Fy, dv

V2¢ = —4m Z o Z waj xag

e Split-Weight Scheme: F = Fy + ¢Fy +6h —— w4 =

%
=

& =

doh, B 0¢ dwN4
dt —(1+¢)Fo ot dt

A 4

—(1—w™)

)

t

Y%ﬁ — ¢/} = —4me / (0fi —0he)dv | quasineutral simulation

v? gf — 4we% /v(éfi — 6he)dv



Thermal Noise in Particle Simulation of Drift Waves in ID - Parker & Lee, PFB ‘93

1.1%

._J. 1N

1.1%

0 1000

19 — 1 | i 1 I I i 'd-

ib)
0.4% -
|52
Te
0.1% -
0.04% — o
0.013% T T - T - T -

o 260 500 750 1000

FIG. 1. The =1 drift instability (&, p=0.8) for the run with 987
particles on a 18-grid system. (a) The dme history for the real (salld lne )
and imaginary [dashed line) parts of the electrostatic potential and (b)
the corresponding amplitude evolution,
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FIG. 3, The 987 particle run. (a) Time history for the electron particle
flux (solid line) and the time rate of change for the electron parallel
momentum {dashed line) and (b) the time evolution for the perturbed
electron kinetle energy (solkd line) and the eld energy (dashed line).

ecb/Te)noise ~ wrms/( \ Nka_ps) ~ 03%

WH = \/mi/me(k”/kJ_)Qi ~ O.43Qi



Thermal Noise in Particle Simulation of Drift Waves in ID (cont.) - Parker & Lee, PFB ‘93

Nparticle = 46368
Ngrid = 64
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FlG. 4. The r=1 drift instability (&, p=08) for the run with 46 368 FIG. & The 46 368 particle run, (8) Time history for the electron particle
particles on & 6d-grid system. (a) The thne histary for the real (solid line) fux (solid line) and the time rate of ehange for the electron parallel
and imaginary (dashed line) parts of the elecirostatic potentinl and {b) momentum {dashed line) and (b) the time evolution for the perturbed

the corresponding amplitude evolution. electron kinette snergy (solid Hne) and the field enérgy (dashed line).



Recent PMP Code Comparisons and Controversies

(W. M. Nevins, 04)

AF S
- GTC@&ai1=500

= 35__ ["’! GYRO®a/r=500, NT=64 Code Comparisons:

~ F H‘W |

NLT : | GTC - Particle Code

> 2 GYRO - Continuum Code

= [ 2 PG3EQ - Particle Code
1
E PGSEQ_ESG:ZSG




Peak . (bin 3) - a/p.=500

(part/cell=10, mzetamax=64, cyclone case profile)

5 \ ‘ \ ‘ \ ‘ \
r — WITHOUT parallel NL | 1
4 — WITH parallel NL
3 3 :
N 2]
a | i
3/:
X2 -
1 - —
0 | | | |
0 200 400 600 800 1000
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S
. . . 2
Time evolution of <weight > (a/p.=500)
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Velocity Space Resolution: Particle vs. Vlasov Codes

* More accurate for Particle Codes: NxNpNn=(4)(5)(2)

(EACAUAWARSY i\

Nv = 20

* Less accurate for Continuum Codes: NxNv=(4)(5)

JAVAVAULIE AN

X

* Artificial dissipation in Vlasov Codes due to coarse grid in long time simulations



Entropy Production - ITG modes

e ¢ f-formulation: F; = Fy; + 0 f;, v is the collison freqeuncy, and (),, is the radial ion enrgy flux

dr f—d” -|-’J"f) +T|VJ_(F5| dﬁb fE“ (f!)H +2T!/'_/ ﬂhl (

o fi _
7, fi E*|| L5, ) ) — H-'h(@i.rb

!’||/Fr In

r=T,/T,, kpi=—dlnTy/de, (. ..)= ?fd,x?

o Letw = dfi/Fy, By = —0¢ /0, 06 fi/ (v [vy) = —F4 fi, 3 < 1, N is the particle number,

ad N “H'“ 0 N . o M w?
) — {""J v f D el AP 2vr(]1 — H 2( s _)] 4 = kT ( L
deLll—r1J+Tdt( "+ | r>|)+j%_] TE|v; + 2vT(1 = ) (w] 1 —w, Kri{Qix)

e Energy balance:

1@ 19 ,

T . N L — _ N
Eyjow; = E :”J w; ~ 20t E “‘”n w;, a=1
J:

0=

e In the steady state (0/0t(¢” + |V|?) = 0), with w < 1:
(‘} ( ( ::| 2 L oyr(1 — B2 N <(2 >
} w4 2vT(l — 07 ) 3wy = Kpi((ie

Velocity-Space nonlinearity reduces ion energy flux, but collisons enhance it. %;IP F FII



Conclusions

- Particle codes are very suitable for both cache-based
and vector-parallel MPP platforms.

* Noise problems can be mitigated through quasineutral
and/or perturbative schemes (or just use more particles).

- We have not yet encountered noise problem in steady
state gyrokinetic particle simulations.

- If noise becomes an issue in long time simulation, we
can always use a reset scheme of particle weights on a
phase space grid at every m step, where m >> 1. It is still
more efficient than the Vlasov code simulation.

* There is no free lunch in the Vlasov-Maxwell
simulation. Every technique has good and bad aspects.
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